We study the altitude dependence of plasma depletions above the auroral region in the 5000-30 000 km altitude range using five years of Polar spacecraft potential data. We find that besides a general decrease of plasma density with altitude, there frequently exist additional density depletions at 2-4 R E radial distance, where R E is the Earth radius. The position of the depletions tends to move to higher altitude when the ionospheric footpoint is sunlit as compared to darkness. Apart from these cavities at 2-4 R E radial distance, separate cavities above 4 R E occur in the midnight sector for all K p and also in the morning sector for high K p . In the evening sector our data remain inconclusive in this respect. This holds for the ILAT range 68-74. These additional depletions may be substorm-related. Our study shows that auroral phenomena modify the plasma density in the auroral region in such a way that a nontrivial and interesting altitude variation results, which reflects the nature of the auroral acceleration processes.
Introduction
Plasma density appears to be considerably variable in the auroral zone. While crossing that region, satellites commonly observe deep density depletions of various spatial and temporal scales. In this paper we use the word cavity as meaning the same as a density depletion, i.e., an occurrence of low plasma density in an absolute sense, without regard to how spatially or temporally localized it is. In addition to ionospheric plasma density depletions (Doe et al., 1993) , density depletions often occur in the nightside auroral region at a few thousand kilometer altitudes (Benson and Calvert, 1979; Calvert, 1981) and above . There is a correlation between the depletions and upflowing ions and precipitating auroral electrons Per- Correspondence to: P. Janhunen (Pekka.janhunen@fmi.fi) soon, 1988), thus the density depletions are probably intimately related to the inverted-V and auroral arc formation as has also been demonstrated using simulations (e.g. Ergun et al., 2000) . The density depletions are also suggested to be the source regions of the auroral kilometric radiation (AKR) (Strangeway et al., 2001 ). The association with inverted-V phenomena whose scale sizes are usually less than 100 km is also in line with the facts that the deepest depletions typically have scale sizes less than 100 km (Hilgers, 1992) and that these depletions are most common in the nightside. Density depletions of more than 40% of the background density are observed in 70% of the nightside crossings of DE-1 . Density depletions with AKR are often stable for at least several tens of minutes (Bahnsen et al., 1989) .
The purpose of this paper is to study statistically the altitude variation (1.5-6 R E radial distance, where by radial distance we mean the direct distance from the center of the Earth) of plasma density in the auroral zone, using five years (1996) (1997) (1998) (1999) (2000) (2001) of spacecraft potential data from the Electric Field Investigation (EFI) onboard Polar (Harvey et al., 1995) . We will study this density variation as a function of magnetic local time (MLT) sectors, invariant latitude (ILAT), K p index and solar illumination. A statistical study on auroral density depletions at 1 R E altitude has been published recently, using one year of measurements by the same instrument (Johnson et al., 2001 ).
Observations
The basic principle of using the spacecraft potential for studying plasma density variations is as follows (Pedersen, 1995; Laakso and Pedersen, 1998; Johnson et al., 2001) : when a satellite, immersed in a tenuous plasma (density below 1000 cm −3 ), is illuminated by the Sun, continuous photoelectron emission from the surface of the spacecraft causes the satellite to become positively charged with respect to the surrounding plasma. An equilibrium is reached when the thermal flux of electrons from the surrounding plasma equals the photoelectron flux. It can be shown that the spacecraft potential is larger (more positive) when the plasma density is small. The exact relationship between the spacecraft potential and the density remains uncertain because it depends on the details of the photoelectron energy spectrum and thus on the properties of the satellite surface material and solar spectrum, although one can calibrate the relationship by using comparisons with more direct ways to calculate the plasma density (Scudder et al., 2000) . In the present study we assume that a spacecraft potential versus density relationship exists, but knowing the relationship in detail is not necessary to draw our conclusions.
In this study we use the Polar/EFI spacecraft potential measurements, sampled at 2.5 times per second. To keep the statistical analysis to a manageable size we take every 30th sample of the raw data, thus yielding one data point every 12 s. We follow the usual convention and always display the negative of the spacecraft potential. Eclipse periods are removed because in those the spacecraft potential is not an indicator of plasma density. We call the negative of the spacecraft potential V SC , measured in volts. To get information about density variations we selected three threshold values for V SC : −11 V, −18 V and −25 V (corresponding to densities of roughly 0.3 cm −3 , 0.1 cm −3 and 0.06 cm −3 , respectively (Scudder et al., 2000) . However, our results are not sensitive to the calibration of the spacecraft potential versus density relationship because only relative changes are considered. We only ask questions like what is the occurrence frequency of V SC < −11 V as a function of altitude etc., without having to know exactly what density value −11 V actually corresponds to.
In principle the spacecraft potential depends not only on density but also on electron temperature (Laakso and Pedersen, 1998; Johnson et al., 2001) . To evaluate this effect quantitatively we use Eqs. (1)- (4) In Fig. 1 we show the density corresponding to a spacecraft potential value of −25 V, for varying mixtures of hot and cold plasma. The cold electron temperature is fixed and set to 5 eV, and the hot electron temperature is varied between 5 eV and 10 keV. The mixing ratio (hot density versus total density) is varied between 1% and 90%. When the electron temperatures are below some hundred electronvolts, the total density corresponding to −25 V is almost independent of the temperature and density mixing ratio and equal to about 0.05 cm −3 (in the specific model of spacecraft and photoelectrons used by, Johnson et al., 2001) . To reach 50% deviation from this total density value, i.e. density 0.025 cm −3 , one should, for example, have 35% of 2 keV plasma. total density fixed at 0.05 cm −3 and plot the spacecraft potential for different hot temperatures and mixing ratios. From Figs. 1 and 2, we can draw the conclusion that for the given densities, the increase of the temperature of the hot component increases Vsc, as expected, but the change is not very dramatic unless we have only a hot population and its temperature approaches 1 keV and goes beyond that. More specifically, a region with 0.05 cm −3 density (a "deep" cavity), which normally should have the spacecraft potential about −25 V, may have a spacecraft potential of only −18 V and thus be classified only "medium-deep" if it contains 20% of 10 keV electrons. In practice, the temperature should not have a significant effect on our statistical results, except perhaps within and below the bottom of the acceleration region (below 2-3 R E radial distance, depending on the solar illumination condition of the footpoint ionosphere) where some cavities might be missed because of the abundance of highenergy inverted-V electrons.
We stress that although we for definiteness use a specific model (Johnson et al., 2001 ) to compute explicit density values, we do not need the exact spacecraft potential versus density relationship to reach the conclusions of this study, but only the relative changes of this relationship are of importance. 
Results
For an overview, we show in Fig. 3 the dependence of cavity occurrence rate on MLT and ILAT for threshold values −11 V, −18 V and −25 V. The occurrence rate is defined as the number of data points where the spacecraft potential is more negative than the given threshold, divided by the total number of data points in the R, MLT, ILAT, etc. bin in question. All radial distance bins, including measurements during all magnetic conditions, are put together in this plot. The orbital coverage is also shown in the bottom panel. The occurrence rate of large satellite potentials, or low plasma densities, follows the general pattern of the auroral oval (Feldstein and Starkov, 1967) in the nightside MLT sectors. (In the dayside MLT sectors the mean oval is poleward of 74 ILAT and so cannot be seen in our plot). This result is in agreement with Johnson et al. (2001) . The lowest densities (highest occurrence rate for cavities) are found above ILAT 68.
In Fig. 4 we show the occurrence frequencies of auroral cavities at 18:00-06:00 MLT sector for the cases where the ionospheric footpoint is in darkness (left subplot) or sunilluminated (right subplot). Again, three different spacecraft potential thresholds are used (−11 V, −18 V and −25 V) representing shallow, medium-deep and deep cavities, respectively. Geomagnetic activity is binned into two groups so If the number of data points is N , the number of points satisfying the cavity threshold condition is n and the number of orbital crossings contributing to the bin is K, the occurrence frequency is f = n/N and its standard deviation f = √ f (1 − f )/K. This method of error estimation considers measurements made during one orbital crossing within the bin as fully correlated. Thus it is likely that the true errors are somewhat smaller than our error bars.
From the second panels of Fig. 4 (shallow cavities, spacecraft potential more negative than −11 V) we see that cavities are rare, i.e., plasma densities are on the average high, close to the Earth and that the region of higher plasma densities extends to a higher altitude when the ionospheric foot- point is illuminated by the sun. The occurrence frequency of the shallow cavities is almost constant at higher altitudes. Deeper cavities (third and fourth panels) are, on the contrary, concentrated near a specific radial distance. The maximum occurrence frequency is at around 3.25 R E radial distance for darkness conditions and at 4.25 R E for sunlit conditions. The solar illumination condition is calculated at the 110 km altitude. It thus seems that cavities of about 1-1.5 R E radial extent tend to exist at this altitude and that their preferred altitude is lifted up by about 1 R E when the footpoint is illuminated by the sun.
Darkness conditions
Since the effect of solar illumination is seen to be important, we from now on separate all our statistics in darkness and sunlit conditions. In Fig. 5 we show an MLT and ILAT-decomposed view of the statistics. We have three 4-h MLT sectors (18:00-22:00, 22:00-02:00 and 02:00-06:00) and three 3-degree ILAT ranges (65-68 • , 68-71 • and 71-74 • ). Notice that the scales are different for all panels due to a large range of values. The peak in occurrence frequency at around 3 R E is seen in many of the subplots of Fig. 5 , especially in the premidnight sectors below 71 • , and it becomes clearer when the spacecraft potential threshold is made more negative (V SC < −18 V and V SC < −25 V). The occurrence rate of cavities naturally becomes lower when the threshold is made more negative. Otherwise the altitude of the peak does not seem to depend on the threshold. Also, the peak altitude does not much depend on the K p index.
Comparison of different ILAT ranges (different rows in Fig. 5) shows that cavities are rare for low K p for low ILAT (65 . . . 68), especially in the evening and morning MLT sectors, while high K p cavities are more common even for low ILAT. This has been inferred earlier in the 2-4 R E radial distance range from DE-1 (Persoon, 1988) . A natural explanation for this is the expansion of the auroral oval to lower ILAT during disturbed conditions (Feldstein and Starkov, 1967) .
The peak altitude is lower by 0.5 R E (residing at 2.75 R E radial distance) in the midnight sector as compared to the morning sector (3.25 R E ) if one looks at all K p values and MLT changes along the rows and ILAT along the columns. As before, low K p is shown by blue, high K p as red and all K p 's put together by black. at the medium-deep and deep cavities in which the peak is most clearly seen. For the evening sector we cannot make this comparison because of lack of orbital coverage. The tendency of deep cavities to occur only around 3 R E radial distance if very strong for low ILAT (65 . . . 68) .
Apart from the cavities occurring near 3 R E radial distance, there are more irregularly occurring cavities also at higher altitude, especially in the midnight sector, but also in the morning sector when the K p index is above 2 and when ILAT ≥ 68. These high altitude cavities have a tendency of being separated from the lower altitude ones, e.g. in the midnight sector (22 . . . 02) and in the main auroral oval ILAT (68 . . . 71) there are no deep cavities at all in the 3.75 R E radial bin. Because of their MLT and K p dependence, it seems possible that these high-altitude cavities are substormrelated. To confirm this we would need better coverage in the evening sector, however.
Sunlit conditions
Figures 6 is similar to Fig. 5 , but it describes sunlit conditions. The overall occurrence frequency of cavities is not much lower in sunlit conditions than in darkness, except for the deepest (−25 V) cavities. For sunlit conditions we have good coverage in the evening sector, but not so good in the midnight and morning sectors. In the evening sector there is a clearly defined island of cavities which is best visible in the −25 V threshold and 71 . . . 74 ILAT bin. In this ILAT bin the island is centered at 4.25 R E radial distance. For lower ILAT the island altitude gets a bit lower and it becomes less regular. In the 65 . . . 68 ILAT bin there is no longer a clearly defined island, at least not for small K p . We think that this island of cavities is the same as the ∼ 3 R E occurrence frequency peak seen in the darkness statistics, but which is now raised to higher altitude because of increased ionospheric plasma density. Because of incomplete orbital coverage we do not attempt to analyse to what extent the island exists in sunlit conditions in the midnight and morning MLT sectors.
Summary and discussion
Our statistical study of density depletions using Polar spacecraft potential reveals the following main conclusions:
1. Cavities show an auroral zone dependency, which indicates that most of them are associated with auroral processes. The low-altitude (R ≈ 2R E ) part of this result has been found earlier (Johnson et al., 2001 ).
2. Cavities are raised to ∼ 1 R E higher altitude in sunlit conditions as compared to darkness conditions.
3. In darkness, there is a peak in cavity occurrence frequency at about 3.25 R E radial distance. The region of cavities ends at about 4.25 R E , apart from the midnight sector (see item 7 below). In sunlit conditions the maximum is at 3.75 R E and the region of cavities extends up to 5.25 R E .
4. The peak is clearest for the deepest cavities.
5. The K p index does not have a clear effect on the peak altitude.
6. For low ILAT, cavities occur mainly only for large K p , probably because the auroral oval extends equatorward during disturbed conditions. For other ILAT, however, cavities are more common for low K p than for high K p . This has been inferred earlier in the 2-4 R E radial distance range from DE-1 (Persoon, 1988) . A possible reason is that it takes time for an auroral arc-associated cavity to develop low densities, and under disturbed conditions, the arcs may move faster to a new location before a really deep cavity has been set up in the old location.
7. In the midnight sector there are cavities also in the 4-6 R E radial distance range for both low and high K p . They also occur in the morning sector, but only for high K p . This holds for ILAT range 68-74. These cavities may be related to substorms.
8. The influence of the electron energy on the spacecraft potential versus density relationship is such that in our statistics, some cavities might be missed within and below the bottom of the acceleration region (about 2-3 R E radial distance, depending on whether the footpoint is sun-illuminated or not).
The overall behavior of the plasma density in the auroral zone in the 5000-30 000 km altitude range thus seems to be that (1) in general, density decreases with altitude, and (2) superposed on this basic trend, auroral density depletions occur, These density depletions have an upper boundary at ∼ 20 000 km altitude, in addition to having a lower boundary below ∼ 10 000 km altitude. As shown above, the average altitudes of the boundaries of the auroral density depletions depend on the solar illumination condition. This is natural, since the increased ionospheric plasma density during sunlit conditions makes it harder to create deep cavities at low altitude.
Our results suggest that density cavities associated with auroral processes do not usually continue beyond 4 R E radial distance, except perhaps in substorm-related cases. Since auroral density cavities at low altitude are associated with auroral potential structures (Strangeway et al., 1998) , they could also plausibly have a similar relationship with each other at higher altitude. In this light, the recent suggestion that auroral potential structures are primarily confined below 4 R E radial distance (Janhunen et al., 1999 ) is consistent with the density cavity statistics presented here. In a recent work modelling the potential structure above an auroral arc (Janhunen and Olsson, 2000) , an O-shaped potential together with a self-consistent maintenance mechanism was suggested. In this model, magnetospheric few hundred electronvolt electrons would be repelled by a downward parallel electric field associated with the upper part of the potential structure. An electron cavity of similar shape as the potential would thus be the result of this filtering effect. Ions would move faster within the negative O-potential due to electrostatic forces and thus their density would also be reduced, thus quasineutrality would remain. In other words, the model suggested by (Janhunen and Olsson, 2000) predicts an arcassociated density cavity to exist at a limited altitude range, which is in harmony with the statistical findings reported in the present paper.
